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Atmospheric aerosol concentrations have been found to change constantly 
due to the influence of source, winds and human activities over short time 
periods. This has proved to be a constraint to the study of varied aerosol 
concentrations in urban atmosphere alongside changing relative humidity 
and how it affects visibility and aerosol particle size distribution. In this 
research simulation was carried out using Optical Properties of Aerosols 
and Clouds (OPAC 4.0) average concentration setup for relative humidity 
(RH) 0-99% at visible wavelength 0.4-0.8 μm to vary the concentrations of 
three aerosol components: WASO (Water-soluble), INSO (Insoluble) and 
SOOT. The Angstrom exponents (α), the curvatures (α2) and atmospheric 
turbidities (β) were obtained from the regression analysis of Kaufman’s 
first and second order polynomial equations for visibility. The research 
determined the mean exponent of the aerosol size growth curve (µ) from 
the effective hygroscopic growth (geff) and the humidification factors (γ) 
from visibility enhancement f (RH, λ). The mean exponent of aerosol size 
distributions (υ) was determined from µ and γ. The results showed that with 
varied WASO, INSO and SOOT concentrations respectively at different 
RH, aerosol particle size distributions showed bimodal characteristics with 









The farthest distance at which any object can be seen 
with unaided human eyes is termed atmospheric visibility 
[1]. With rapid development and industrialization, poor 
and degrading visibility has become one of the most 
worrisome urban atmospheric environmental problems [2-6]. 
This is due to the increase in energy consumption that has 
led to more frequent air pollution all over the world [7-10]. 
Bad visibility is caused by the scattering and absorption 
of visible light by gaseous pollutants and fine suspended 
particles known as aerosols in the atmosphere. Because 
of their differences in chemical and physical components, 
aerosol particles have the ability to absorb more water 
compared to their dry state as atmospheric moisture 
increases. This changes their optical properties as they 
increase in size [11]. Aerosols within urban atmosphere can 
be composed of water-soluble aerosols from industrial 
emissions, insoluble and soot from biomass and bio-
fuel emissions respectively [3]. Emissions from human 
activities such as vehicular emissions are the major source 
of pollution and aerosols. Biomass burning and dust 
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transported from dry desert areas surrounding an urban 
atmosphere [4] and nearby regions can also contribute to 
aerosol characteristics which alter their optical properties 
[3]. Often, aerosols undergo coagulation and become mixed 
internally and component-wise, [10] even the presence of 
water soluble aerosols wrapped around insoluble aerosol 
cores can encourage hygroscopic properties [11-14].
Investigations have been carried out by many studies 
using laboratory generated aerosols to understand how 
water soluble and insoluble aerosols respond to atmospheric 
moisture. These experimental methods investigated the 
effects of relative humidity on the ability of aerosols to 
scatter visible light and how these scattering effects are 
applicable to an urban atmosphere [12-18]. Aerosols are very 
diverse and constantly changing in their form, shape, size and 
concentrations globally, this makes them difficult to study. 
Their constant changing nature also causes gaps in their 
coverage through time and space and these cause biases in 
data when collecting ground and satellite data. Most studies 
just focus on short time periods and although long-term 
investigations of aerosol optical properties are important, they 
are rarely reported in literature [19]. Because of unavoidable 
gaps and biases in data, the data collected with satellite, in-
situ and ground-based instruments could not be sufficient for 
a direct local assessment of the long-term aerosol effect in 
urban atmosphere [20]. Furthermore, more data and detailed 
studies on how aerosol mixing and varied concentration can 
affect aerosol hygroscopic growth is needed [21], because 
present available data does not allow for the varying of 
atmospheric aerosol concentrations, the use of model 
methods and simulations is imperative.
In this research, aerosol concentrations of water-
soluble (WASO), Insoluble (INSO) and SOOT were 
varied through external mixing to analyze the effect of 
relative humidity (RH) and varying aerosol concentrations 
on visibility and particle size distribution in urban 
atmosphere. From the extinction coefficients extracted, 
visibilities and visibility enhancement factors were 
determined and effective hygroscopic growth were also 
determined using aerosol particle radii. 
2. Theoretical Framework
Visibility calculations are carried out based on the 
Koschmieder formula using extracted extinction coefficients 
for particular relative humidity at corresponding visible 
spectral wavelength [12].
 (1) 
But extinction coefficient is defined in terms of 
wavelength using the inverse power law as [22];
 (2)
 (3)
Such that [23] Equation (1) and Equation (2) give the 
expression in Equation (4);
 (4)
Performing a regression analysis on Kasten’s (1969) 
representation of Equation (1) gives α (Angstrom 
exponent) and β (turbidity) [12,24]. An empirical relationship 
between visibility and wavelength can then be obtained 
with a 2nd-order polynomial [25-27].
 (5)
Where α2 indicates aerosol particle size 
[28], -α2 means 
fine mode particle dominance and +α2 coarse mode 
particle dominance [24,29].
The Vis ibi l i ty  Enhancement  which gives  the 
relationship between visibility and relative humidity is 
presented in Equation (6) [30-31]. 
                 (6)
To be considered for regression analysis Equation (6) 
takes the form;
   (7)
Where RH0=0% and VVis(RH, λ) is the visibility at 
wavelength λ at any  given relative humidity (RH). γ can 
be expressed as [27];
                       (8)
Where γ shows the dependence of visibility on relative 
humidity (RH) resulting from the change in the particle 
size of the aerosol particles upon humidification [32]. µ is 
the mean exponent aerosol growth curve [33] while υ is the 
mean exponent aerosol size distribution presented in the 
Junge power law size distribution function;
 (9)
with c as a constant and  representing number of 
particles with radii between r and  [33].
The hygroscopic growth  experienced by a single 
particle according to [34] is given by;
               (10)
with  being the radius at a given relative humidity 
RH and  representing the radius at 0% relative 
humidity. For different aerosols of different components 
Equation (10) takes the form of Equation (11) which is 
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where xk is the volume mix ratio of the k
th term and 
 is the hygroscopic growth of the kth component [32]. 
The relationship between effective growth and relative 
humidity (RH) is expressed as [34];
 (12)
where µ is the mean exponent of the aerosol growth 
curve as defined in Equation (8). Equation (12) can be 
written as Equation (13) for regression analysis purposes;
   (13)
Using Equation (8), the mean exponent of the aerosol size 
distribution (υ) can be expressed Equation (14) in terms 




The method employed in this research is a simulation 
carried out using the software package Optical Properties 
of Aerosols and Clouds (OPAC 4.0). The first part of 
OPAC is a dataset of microphysical properties which gives 
results on aerosol components at different wavelengths for 
different relative humidities. FORTRAN is the second part 
of the program from which the user can extract data from 
the above mentioned datasets for calculation of optical 
properties of mixtures of stored aerosol components. This 
work used three aerosol components representing the 
urban environment and varied the components to obtain 
five models each. The three components considered were 
WASO (water-soluble), INSO (insoluble) and SOOT. 
To vary component mixtures for WASO, selection was 
made for component number density such that WASO 
aerosol concentration is varied at constant INSO and 
SOOT aerosol concentration. For INSO, selection was 
made for component number density such that INSO 
aerosol concentration is varied at constant WASO and 
SOOT aerosol concentration while for SOOT, selection 
was made for component number density such that 
SOOT aerosol concentration is varied at constant INSO 
and WASO aerosol concentrations. The input for height 
profile designated for urban aerosols was selected to give 
the aerosol mixing layer (layer above ground and Top of 
atmosphere) for the distribution of aerosol particles with 
height as suggested by Hess, Koepke and Schult (1998) 
[35]. Only wavelengths belonging to aerosols at the visible 
spectral range were considered at eight relative humidities. 
The optical parameters of extinction coefficients, scattering 
coefficients and absorption coefficients were extracted. 
3.2 Data Analysis
The extracted data from the OPAC simulation output 
files were used in the evaluation of the Angstrom 
coefficient (α), Curvature (α2), Turbidity (β), Mean 
exponent hygroscopic growth curve (μ), Mean exponent 
aerosol size distribution (υ) and Humidification factor 
(γ). Equation 1 was used for visibility calculations while 
a regression analysis was performed on Equation 4 to 
obtain α and β. From the regression analysis of the second 
order of the Kaufman’s representation of the Koschmeider 
equation for atmospheric visibility (Equation 5), α2 is 
obtained. γ and μ calculations are carried out using the 
inverse power law from Equation 6 and Equation 12 
respectively while calculations for υ are carried out using 
Equation 7, Equation 13 and Equation 14.
4. Results and Discussions
In the simulation carried out, to vary component 
mixture concentrations, selection was made for number 
density such that for the WASO (water soluble) component 
mixture, number density takes values from 28,000.00 
cm3 to 29,000.00 cm3 through 200.00 cm3 increment 
at constant INSO and SOOT aerosol concentrations of 
1.50 cm3 and 130,000.00 cm3 respectively. INSO aerosol 
number density had input values from 1.50 cm3 to 2.30 
cm3 through 0.20 cm3 increment at constant WASO and 
SOOT aerosol concentrations of 28,000.00 cm3 and 
130,000.00 cm3 respectively. SOOT aerosol number 
density however, had input values from 130,000.00 cm3 to 
140,000.00 cm3 through 2,000 cm3 increment at constant 
WASO and INSO aerosol concentrations of 1.50 cm3 and 
28,000.00 cm3 respectively. For the distribution of aerosol 
particles with height, the height profile designated for 
urban aerosols as suggested by Hess (1998) was selected 
to give the aerosol mixing layer with  (layer 
above ground),  (top of atmosphere) and 
 (aerosol scale height). Only wavelengths 
belonging to aerosols were selected and these wavelengths 
were of the visible spectral wavelength of 0.4 µm to 0.8 
µm at eight relative humidities (0%, 50%, 70%, 80%, 
90%, 95%, 98% and 99% RH). The maximum radius for 
mass calculation used was 7.5 µm radius (only particles 
up to 7.5 µm radius were considered). In this work, the 
Visibility Enhancement , analyzed at λ = 0.55 
µm, λ = 0.65 µm and λ = 0.75 µm.
DOI: https://doi.org/10.30564/jasr.v4i3.3430
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4.1 Water-Soluble (WASO) Particle Concentration 
Figure 1. Graph of Angstrom Exponent (α) against 
Relative Humidity (RH) for five WASO Models
From Figure 1 at 0% RH there is a very noticeable 
difference between α values of the five models. The 
values of α decrease from Model 1 to Model 5 such that 
with increasing WASO concentrations, there is an increase 
in fine mode particle distribution. α for each model is 
constant from 0-50% RH and then decreases from 50-
100% RH. This indicates sedimentation of heavier 
particles from 50-99% RH and saturation at 100% RH.
Table 1. Visibility analysis (Model 1- WASO)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99904 1.36649 0.08552 0.99994 1.59994 0.20704 0.08091
50% 0.99835 1.37425 0.11476 0.99994 1.67971 0.27090 0.10673
70% 0.99835 1.36823 0.13385 0.99994 1.71846 0.31060 0.12317
80% 0.99835 1.34585 0.15620 0.99994 1.66395 0.28211 0.14484
90% 0.99835 1.30340 0.21248 0.99994 1.66099 0.31713 0.19519
95% 0.99641 1.23764 0.30775 0.99994 1.66011 0.37467 0.27840
98% 0.99641 1.12685 0.52057 0.99994 1.55508 0.37978 0.47027
99% 0.99405 1.03234 0.74748 0.99994 1.48430 0.40082 0.67146
From Table 1 Model 1, R2 values fit the equation 
models. From the linear part, the values of α are greater 
than 1. This shows that the aerosols are fine mode 
particles. There is an increase in α value from 0-50% 
relative humidity and this is due to coagulation of 
particles at the onset of water uptake, these particles later 
drop from the atmosphere when they become too heavy. 
α values decrease from 50-99% relative humidity, this 
implies hygroscopic growth in aerosol particles and an 
increase in particle size distribution. From the quadratic 
part, α2 is positive which indicates a bimodal distribution 
and dominance of fine mode particles. The Turbidity (β) 
is seen to increase from 0-99% relative humidity which 
indicates hazy atmospheric conditions and deterioration in 
visibility as relative humidity increases.
The variations in α, α2 and β in Models 2, 3, 4 and 5 
are similar to those of Model 1 from Table 1 as seen from 
Appendix A Table 1, 3, 5, and 7 respectively.
Figure 2. Visibility against Wavelength for WASO
From Figure 2, it can be seen that the visibility 
decreases with the increase in RH but increases with 
the increase in wavelength. There is a more noticeable 
decrease in visibility with increase in relative humidity 
(RH) from 0% (RH) to 50% (RH) due to the onset of the 
intake of water by fine mode aerosol particles. 
Table 2. Size Distribution and Hygroscopic Growth 
analysis (Model 1-WASO)
µ=5.12521
λ R2 γ ν
0.55 0.998 0.416 3.135338
0.65 0.997 0.424 3.176105
0.75 0.997 0.430 3.205313
From Table 2 Model 1, R2 values fit the equation 
models. The Visibility Enhancement  has satisfied 
the inverse power law. The increase in humidification 
factor (γ) and the mean aerosol particle size distribution 
(ν) with wavelength implies that the number of larger 
particles increases compared to the number of smaller 
particles at longer wavelengths and smaller particles have 
more effect in decreasing visibility at shorter wavelengths. 
The values of ν > 3 imply typical hazy atmospheric 
conditions (Junge 1958).
The variations in the humidification factor (γ) and the 
mean aerosol particle size distribution (ν) of Models 2, 3, 
4 and 5 are similar to those of Model 1 from Table 2 as 
seen in Appendix A Table 2, 4, 6 and 8 respectively.
The values of the mean exponent hygroscopic growth 
curve (µ) decreases with an increase in WASO aerosol 
concentration across the models and this implies an 
increase in the effective hygroscopic growth .
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4.2 Insoluble (INSO) Particle Concentration 
Figure 3. Graph of Angstrom Exponent (α) against 
Relative Humidity (RH) for five INSO Models
From Figure 3, for the five models, a slight difference 
is observed between α values as INSO concentration 
increases. This may be attributed to the dissolution of the 
outer soluble coating surrounding INSO aerosol particles. 
At 40-50% RH α values show constant particle size 
distribution. This particle size distribution decreases form 
90-100% RH indicating no hygroscopic growth.
Table 3. Visibility analysis (Model 1-INSO)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99894 1.37041 0.08477 0.99985 1.60567 0.20864 0.08017
50% 0.99827 1.38295 0.11396 0.99985 1.70502 0.28563 0.10557
70% 0.99827 1.36909 0.13380 0.99985 1.71453 0.30636 0.12327
80% 0.99827 1.35505 0.15507 0.99985 1.68279 0.29066 0.14347
90% 0.99749 1.30490 0.21250 0.99985 1.67672 0.32975 0.19455
95% 0.99639 1.23990 0.30787 0.99985 1.66485 0.37687 0.27834
98% 0.99510 1.12185 0.52262 0.99985 1.57011 0.39754 0.46988
99% 0.99398 1.03662 0.74795 0.99985 1.49644 0.40780 0.67064
From Table 3, Model 1 the R2 values for both the 
quadratic and linear parts show that R2 values fit the 
equation models well. From the linear part, the values 
of α are greater than 1. This shows that the aerosols are 
fine mode particles. There is an increase in α value from 
0-50% relative humidity and this is due to coagulation 
of particles at the onset of water uptake by the WASO 
particles present in the aerosol mixture, these particles 
later drop from the atmosphere when they become too 
heavy. α values decrease from 50-99% relative humidity, 
this implies hygroscopic growth in aerosol particles and 
an increase in particle size distribution. From the quadratic 
part, α2 is positive which indicates a bimodal distribution 
and dominance of fine mode particles. The Turbidity (β) 
is seen to increase from 0-99% relative humidity which 
indicates hazy atmospheric conditions and deterioration in 
visibility as relative humidity increases.
The variations in α, α2 and β in Models 2, 3, 4 and 5 
are similar to those of Model 1 from Table 3 as seen from 
Appendix B Table 1, 3, 5, and 7 respectively.
Figure 4. Visibility against Wavelength for INSO
From Figure 4, the visibility decreases with the increase 
in RH but increases with the increase in wavelength. 
Visibility is lower at shorter wavelength due to dominance 
of fine mode aerosol particles.
Table 4. Size Distribution and Hygroscopic Growth 
analysis (Model 1-INSO)
µ=5.12735
λ R2 γ v
0.55 0.998 0.409 3.098481
0.65 0.997 0.416 3.130541
0.75 0.996 0.417 3.139715
From Table 4 Model 1, R2 values fit the equation 
models very well. The Visibility Enhancement  
has satisfied the inverse power law. The increase in 
humidification factor (γ) and the mean aerosol particle 
size distribution (v) with wavelength implies that the 
number of larger particles increases compared to the 
number of smaller particles at longer wavelengths and 
smaller particles have more effect in decreasing visibility 
at shorter wavelengths. The values of v> 3 imply typical 
hazy atmospheric conditions (Junge 1958).
The variations in the humidification factor (γ) and the 
mean aerosol particle size distribution (v) of Models 2, 3, 
4 and 5 are similar to those of Model 1 from Table 4 as 
seen in Appendix B Table 2, 4, 6 and 8 respectively.
For varying INSO aerosol concentration, the mean 
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exponent hygroscopic growth curve (µ) increases with 
increasing INSO concentration and this implies a decrease 
in effective hygroscopic growth .
4.3 SOOT Particle Concentration 
Figure 5. Graph of Angstrom Exponent (α) against 
Relative Humidity (RH) for five SOOT Models
From Figure 5 constant α values are observed for all 
models at 0% RH as SOOT concentration increases. For 
each model, α values show an increase in particle size 
distribution at 50% RH which may be attributed to the 
small percentage of insoluble aerosol concentration found 
within the SOOT aerosol mixture. 
Table 5. Visibility analysis (Model 1-SOOT)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99894 1.37041 0.08477 0.99985 1.60567 0.20864 0.08017
50% 0.99894 1.38349 0.11380 0.99985 1.67475 0.25831 0.10620
70% 0.99791 1.36764 0.13388 0.99985 1.71819 0.31089 0.12319
80% 0.99791 1.35324 0.15517 0.99985 1.68392 0.29326 0.14346
90% 0.99706 1.31005 0.21144 0.99985 1.70855 0.35341 0.19237
95% 0.99643 1.23999 0.30716 0.99985 1.66222 0.37446 0.27788
98% 0.99516 1.12366 0.52074 0.99985 1.56992 0.39577 0.46842
99% 0.99392 1.03680 0.74575 0.99985 1.49880 0.40973 0.66832
From Table 5, Model 1 R2 values fit the equation 
models very well. From the linear part, the values of α 
are greater than 1. This shows that the aerosols are fine 
mode particles. There is an increase in α value from 
0-50% relative humidity and this is due to coagulation 
of water soluble particles present in the mixture particles 
as they begin to absorb water. α values decrease from 
50-99% relative humidity, this implies hygroscopic 
growth in aerosol particles and an increase in particle 
size distribution this can be attributed to the hygroscopic 
properties of the outer soluble coating of the insoluble 
core combined with the effect of some of the water soluble 
aerosols found within the mixture. From the quadratic 
part, α2 is positive which indicates a bimodal distribution 
and dominance of fine mode particles. The Turbidity (β) 
is seen to increase from 0-99% relative humidity which 
indicates hazy atmospheric conditions and deterioration in 
visibility as relative humidity increases.
The variations in α, α2 and β in Models 2, 3, 4 and 5 
are similar to those of Model 1 from Table 5 as seen from 
Appendix C Table 1, 3, 5, and 7 respectively.
Figure 6. Visibility against Wavelength for SOOT
From Figure 6, the visibility decreases with the increase 
in RH but increases with the increase in wavelength. 
Visibility is lower at shorter wavelength due to dominance 
of soot particles.
Table 6. Size Distribution and Hygroscopic Growth 
analysis (Model 1-SOOT)
µ=5.12877
λ R2 γ v
0.55 0.998 0.421 3.158174
0.65 0.997 0.429 3.201624
0.75 0.996 0.434 3.226229
From Table 6 Model 1, the values of R2 show that the 
data fitted the equation models very well. The Visibility 
Enhancement  has satisfied the inverse power law. 
The increase in humidification factor (γ) and the mean 
aerosol particle size distribution (v) with wavelength 
implies that the number of larger particles increases compared 
to the number of smaller particles at longer wavelengths and 
smaller particles have more effect in decreasing visibility at 
shorter wavelengths. The values of v > 3 imply typical hazy 
atmospheric conditions (Junge 1958).
The variations in the humidification factor (γ) and the 
mean aerosol particle size distribution (v) of Models 2, 3, 
4 and 5 are similar to those of Model 1 from Table 6 as 
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seen in Appendix C Table 2, 4, 6 and 8 respectively.
The values of the mean exponent hygroscopic growth 
curve (µ) increases with increasing SOOT aerosol 
concentration across the models and this implies a 
decrease in the effective hygroscopic growth .
5. Conclusions
From the five model analyses carried out for each 
component (WASO, INSO and SOOT) respectively, it 
was concluded that α is greater than 1 which indicates 
fine mode particles. As WASO concentration increases, 
α increases and this implies an increase in fine mode 
particles. α2 is positive for all models. This shows that the 
aerosol distribution is bimodal with fine mode particles 
as dominant. Additionally, it was observed that as the 
RH and WASO concentration increases, there were 
fluctuations in the values of α2 and this may imply a non-
linear relationship between the externally mixed aerosols. 
Similarly, the above conclusions apply for varying INSO 
and SOOT concentrations respectively. The Turbidity (β) 
was observed to increase from 0-99% relative humidity 
which indicated hazy atmospheric conditions and 
deterioration in visibility as relative humidity increased.
Visibility decreases with an increase in relative 
humidi ty  and WASO, INSO and SOOT aerosol 
concentrations across all models respectively. As INSO 
and WASO aerosol concentrations and relative humidity 
increased, the hygroscopic or water soluble part of the 
aerosol mixture were found to be the main contributors in 
the degradation of visibility.
It was observed that across the models as RH 
increased (1-RH) decreased. With the increase in WASO 
concentration, µ decreased this implied that as WASO 
concentration increased,  increased and  increased. 
The Visibility enhancement decreased as RH increased. 
The humidification factor (γ) decreased then later increased 
this maybe due to a non linear relationship between WASO 
concentration and Visibility enhancement. ν behaved as γ 
thus this implies that there is also a non linear relationship 
between the variation in WASO concentration and the 
change in particle size distribution. As relative humidity 
increased,  increased while µ decreased and as WASO 
concentration increased,  increased while µ decreased. 
γ decreased and then increased.
With the increase in INSO concentration, µ increased 
this implied that as INSO concentration increased,  
decreased and  decreased.The humidification factor 
(γ) decreased and this implied that increase in INSO 
concentration reduced absorption of water. υ fluctuates, 
this implies that there is also a non linear relationship 
between the variation in INSO concentration and the 
change in particle size distribution. As relative humidity 
increased,  decreased while µ increased and as INSO 
concentration increased,  decreased while µ increased, 
γ decreased all through.
With increasing SOOT concentration,  decreased as 
 decreased and the humidification factor (γ) decreases 
which implies that the increase in SOOT concentration 
reduced water uptake. ν decreases which implies a 
decrease in particle size distribution. As relative humidity 
increased,   decreased while µ increased and as SOOT 
concentration increased,  decreased while µ increased, 
γ decreased all through.
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Appendix A
Water-Soluble (WASO)
Table 1. Visibility analysis (Model 2- WASO)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99906 1.35151 0.08688 0.99974 1.55343 0.17907 0.08282
50% 0.99906 1.36385 0.11608 0.99974 1.61834 0.22570 0.10928
70% 0.99793 1.35748 0.13548 0.99974 1.70018 0.30393 0.12490
80% 0.99793 1.34193 0.15736 0.99974 1.69715 0.31504 0.14464
90% 0.99722 1.30589 0.21267 0.99974 1.69886 0.34851 0.19373
95% 0.99649 1.23363 0.30933 0.99974 1.65025 0.36949 0.28021
98% 0.99516 1.11938 0.52310 0.99974 1.56387 0.39420 0.47074
99% 0.99392 1.03360 0.74808 0.99974 1.49403 0.40834 0.67065
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Table 2. Size Distribution and Hygroscopic Growth analysis (Model 2-WASO)
µ=5.12299
λ R2 γ v
0.55 0.998 0.416 3.13200
0.65 0.997 0.424 3.17235
0.75 0.996 0.427 3.19177
Table 3. Visibility analysis (Model 3- WASO)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99942 1.33858 0.08836 0.99987 1.50106 0.14410 0.08502
50% 0.99847 1.35279 0.11773 0.99987 1.63925 0.25405 0.11000
70% 0.99847 1.34792 0.13705 0.99987 1.65862 0.27555 0.12731
80% 0.99847 1.33113 0.15898 0.99987 1.62521 0.26081 0.14827
90% 0.99747 1.29306 0.21535 0.99987 1.66314 0.32821 0.19725
95% 0.99646 1.23035 0.31083 0.99987 1.64759 0.37003 0.28153
98% 0.99519 1.11688 0.52472 0.99987 1.55909 0.39218 0.47245
99% 0.99408 1.03238 0.74970 0.99987 1.48631 0.40257 0.67314
Table 4. Size Distribution and Hygroscopic Growth analysis (Model 3-WASO)
µ =5.12079
λ R2 γ v
0.55 0.998 0.414 3.121978
0.65 0.997 0.421 3.160147
0.75 0.996 0.425 3.177426
Table 5. Visibility analysis (Model 4- WASO)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99900 1.32447 0.08993 0.99965 1.51808 0.17170 0.08589
50% 0.99850 1.34896 0.11883 0.99965 1.63267 0.25161 0.11109
70% 0.99850 1.34027 0.13852 0.99965 1.65464 0.27880 0.12856
80% 0.99850 1.32827 0.16036 0.99965 1.68449 0.31592 0.14736
90% 0.99728 1.29296 0.21611 0.99965 1.66853 0.33308 0.19768
95% 0.99728 1.22767 0.31207 0.99965 1.63779 0.36371 0.28313
98% 0.99539 1.11634 0.52579 0.99965 1.54599 0.38104 0.47483
99% 0.99373 1.03402 0.75093 0.99965 1.50203 0.41506 0.67200
Table 6. Size Distribution and Hygroscopic Growth analysis (Model 4-WASO)
µ=5.11871
λ R2 γ v
0.55 0.998 0.412 3.11302
0.65 0.997 0.419 3.148495
0.75 0.996 0.422 3.161708
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Table 7. Visibility analysis (Model 5- WASO)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99939 1.31346 0.09157 0.99982 1.46925 0.13816 0.08825
50% 0.99939 1.32863 0.12111 0.99982 1.57453 0.21808 0.11424
70% 0.99829 1.33482 0.13964 0.99982 1.63901 0.26977 0.12991
80% 0.99829 1.32433 0.16122 0.99982 1.65024 0.28904 0.14922
90% 0.99742 1.28527 0.21799 0.99982 1.65620 0.32897 0.19962
95% 0.99742 1.22247 0.31398 0.99982 1.62767 0.35936 0.28519
98% 0.99518 1.11222 0.52816 0.99982 1.55306 0.39096 0.47570
99% 0.99396 1.02970 0.75276 0.99982 1.48734 0.40587 0.67530
Table 8. Size Distribution and Hygroscopic Growth analysis (Model 5-WASO)
µ= 5.11657
λ R2 γ v
0.55 0.998 0.410 3.10370
0.65 0.997 0.416 3.130541
0.75 0.996 0.419 3.147515
Appendix B
Insoluble (INSO)
Table 1. Visibility analysis (Model 2- INSO)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99902 1.37058 0.08533 0.99985 1.59501 0.19904 0.08091
50% 0.99842 1.38126 0.11463 0.99985 1.68550 0.26982 0.10665
70% 0.99871 1.36932 0.13408 0.99985 1.64651 0.24583 0.12555
80% 0.99751 1.35485 0.15626 0.99985 1.73701 0.33893 0.14272
90% 0.99712 1.31448 0.21223 0.99985 1.71683 0.35683 0.19291
95% 0.99635 1.24052 0.30969 0.99985 1.66775 0.37889 0.27983
98% 0.99518 1.12282 0.52574 0.99985 1.56806 0.39487 0.47302
99% 0.99388 1.03637 0.75302 0.99985 1.49985 0.41104 0.67460
Table 2. Size Distribution and Hygroscopic Growth analysis (Model 2-INSO)
µ=5.15606
λ R2 γ v
0.55 0.998 0.418 3.144787
0.65 0.997 0.427 3.189630
0.75 0.996 0.431 3.211264
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Table 3. Visibility analysis (Model 3- INSO)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99894 1.37596 0.08528 0.99996 1.62793 0.22346 0.08033
50% 0.99847 1.38263 0.11498 0.99996 1.67868 0.26255 0.10718
70% 0.99847 1.36909 0.13515 0.99996 1.71453 0.30636 0.12451
80% 0.99847 1.35685 0.15653 0.99996 1.68166 0.28806 0.14492
90% 0.99743 1.30791 0.21453 0.99996 1.68537 0.33475 0.19615
95% 0.99638 1.24005 0.31167 0.99996 1.66513 0.37699 0.28177
98% 0.99520 1.12275 0.52927 0.99996 1.56688 0.39388 0.47633
99% 0.99387 1.03626 0.75816 0.99996 1.49990 0.41118 0.67917
Table 4. Size Distribution and Hygroscopic Growth analysis (Model 3-INSO)
µ=5.18455
λ R2 γ v
0.55 0.998 0.419 3.150005
0.65 0.997 0.427 3.191274
0.75 0.996 0.432 3.216909
Table 5. Visibility analysis (Model 4- INSO)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99908 1.38252 0.08526 0.99978 1.59173 0.18554 0.08113
50% 0.99836 1.38041 0.11583 0.99978 1.68943 0.27406 0.10764
70% 0.99871 1.36991 0.13540 0.99978 1.64678 0.24554 0.12679
80% 0.99748 1.35520 0.15782 0.99978 1.73955 0.34086 0.14406
90% 0.99748 1.30839 0.21576 0.99978 1.70144 0.34858 0.19655
95% 0.99635 1.24049 0.31351 0.99978 1.66727 0.37849 0.28332
98% 0.99513 1.12283 0.53251 0.99978 1.57072 0.39722 0.47882
99% 0.99392 1.03570 0.76325 0.99978 1.49707 0.40917 0.68410
Table 6. Size Distribution and Hygroscopic Growth analysis (Model 4-INSO)
µ=5.21256
λ R2 γ v
0.55 0.998 0.420 3.153959
0.65 0.997 0.428 3.196834
0.75 0.997 0.433 3.220585
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Table 7. Visibility analysis (Model 5- INSO)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99894 1.37596 0.08613 0.99996 1.62793 0.22346 0.08114
50% 0.99847 1.38263 0.11614 0.99996 1.67868 0.26255 0.10826
70% 0.99847 1.36968 0.13648 0.99996 1.71480 0.30607 0.12575
80% 0.99847 1.35406 0.15855 0.99996 1.68115 0.29008 0.14671
90% 0.99730 1.30987 0.21665 0.99996 1.69804 0.34425 0.19758
95% 0.99640 1.24022 0.31541 0.99996 1.66435 0.37614 0.28521
98% 0.99499 1.12263 0.53612 0.99996 1.57614 0.40220 0.48142
99% 0.99390 1.03612 0.76813 0.99996 1.49871 0.41025 0.68828
Table 8. Size Distribution and Hygroscopic Growth analysis (Model 5-INSO)
µ=5.24028
λ R2 γ v
0.55 0.998 0.420 3.155501
0.65 0.997 0.429 3.200019
0.75 0.997 0.433 3.222553
Appendix C
SOOT
Table 1. Visibility analysis (Model 2- SOOT)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99894 1.37596 0.08528 0.99996 1.62793 0.22346 0.08033
50% 0.99836 1.38041 0.11467 0.99996 1.68943 0.27406 0.10657
70% 0.99836 1.37343 0.13358 0.99996 1.70354 0.29277 0.12352
80% 0.99836 1.35501 0.15537 0.99996 1.68395 0.29173 0.14370
90% 0.99836 1.30612 0.21243 0.99996 1.67494 0.32709 0.19463
95% 0.99646 1.24013 0.30772 0.99996 1.66073 0.37301 0.27849
98% 0.99514 1.12342 0.52133 0.99996 1.57068 0.39666 0.46883
99% 0.99397 1.03585 0.74650 0.99996 1.49549 0.40764 0.66936
Table 2. Size Distribution and Hygroscopic Growth analysis (Model 2-SOOT)
µ=5.13031
λ R2 γ v
0.55 0.998 0.416 3.135338
0.65 0.997 0.425 3.178341
0.75 0.996 0.429 3.198118
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Table 3. Visibility analysis (Model 3- SOOT)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99937 1.37151 0.08596 0.99985 1.54290 0.15200 0.08253
50% 0.99937 1.37682 0.11507 0.99985 1.62401 0.21922 0.10852
70% 0.99811 1.37223 0.13422 0.99985 1.70665 0.29658 0.12398
80% 0.99811 1.35425 0.15630 0.99985 1.73675 0.33922 0.14273
90% 0.99737 1.31072 0.21228 0.99985 1.69411 0.34001 0.19382
95% 0.99644 1.24092 0.30806 0.99985 1.66315 0.37446 0.27869
98% 0.99515 1.12343 0.52184 0.99985 1.57038 0.39638 0.46933
99% 0.99408 1.03748 0.74654 0.99985 1.49361 0.40453 0.66996
Table 4. Size Distribution and Hygroscopic Growth analysis (Model 3-SOOT)
µ=5.13170
λ R2 γ v
0.55 0.998 0.415 3.125654
0.65 0.997 0.424 3.172354
0.75 0.996 0.428 3.195594
Table 5. Visibility analysis (Model 4- SOOT)
 Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99894 1.37596 0.08613 0.99996 1.62793 0.22346 0.08114
50% 0.99823 1.37277 0.11614 0.99996 1.69462 0.28544 0.10760
70% 0.99823 1.36909 0.13515 0.99996 1.71453 0.30636 0.12451
80% 0.99823 1.35324 0.15673 0.99996 1.68392 0.29326 0.14490
90% 0.99724 1.31463 0.21215 0.99996 1.70860 0.34939 0.19321
95% 0.99648 1.24101 0.30859 0.99996 1.66052 0.37205 0.27935
98% 0.99521 1.12462 0.52215 0.99996 1.56895 0.39406 0.46990
99% 0.99410 1.03813 0.74689 0.99996 1.49388 0.40419 0.67033
Table 6. Size Distribution and Hygroscopic Growth analysis (Model 4-SOOT)
µ=5.13321
λ R2 γ v
0.55 0.998 0.414 3.122768
0.65 0.997 0.422 3.163033
0.75 0.997 0.427 3.188241
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Table 7. Visibility analysis (Model 5- SOOT)
Linear Quadratic
RH R2 α β R2 α1 α2 β
0% 0.99917 1.37292 0.08685 0.99985 1.57617 0.18025 0.08276
50% 0.99917 1.37596 0.11627 0.99985 1.62793 0.22346 0.10952
70% 0.99917 1.36787 0.13551 0.99985 1.65017 0.25036 0.12673
80% 0.99812 1.35465 0.15694 0.99985 1.68142 0.28979 0.14523
90% 0.99712 1.30915 0.21360 0.99985 1.70272 0.34904 0.19455
95% 0.99649 1.24048 0.30922 0.99985 1.65916 0.37131 0.27997
98% 0.99521 1.12461 0.52268 0.99985 1.56926 0.39434 0.47034
99% 0.99404 1.03795 0.74757 0.99985 1.49576 0.40601 0.67061
Table 8. Size Distribution and Hygroscopic Growth analysis (Model 5-SOOT)
µ=5.13466
λ R2 γ v
0.55 0.998 0.413 3.116334
0.65 0.997 0.421 3.156321
0.75 0.996 0.426 3.182447
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